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This paper presents the ﬁndings of an experimental study on the primary yielding and post-yield behavior of cement-treated Singapore marine
clay. The study was conducted using unconﬁned compression tests and triaxial tests. The results show that all the primary yield loci for the
cement-treated marine clay have a consistent shape regardless of the mix ratio, curing stress or curing period. Three relationships are proposed for
determining the size of the primary yield locus. The ﬁrst two involve the direct determination of the isotropic primary yield stress, whereas the
third makes use of the unconﬁned compressive strength. The ﬁrst two relations are valid only for 7-day specimens. The third appears to have
slightly larger scatter, but it is also applicable over a wider range of curing period and curing stress. Post-yield, over-consolidated samples were
obtained by compressing specimens isotropically under effective stress levels higher than their isotropic primary yield stress and then allowing
them to swell back to a lower effective conﬁning stress prior to shearing. The normalized yield loci of these pre-yielded samples show a
“collapse” from steep arches to more-rounded ellipses, while the yield loci expand with isotropic pre-compression pressure.
& 2014 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Cement-admixtures are commonly used for improving soft
ﬁne-grained soils. The strength and failure envelopes of
cement-treated soft clay, as well as the factors affecting them,
have been studied extensively (e.g., Kawasaki et al., 1981;0.1016/j.sandf.2014.04.021
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der responsibility of The Japanese Geotechnical Society.Gallavresi, 1992; Yoshizawa et al., 1996; Yu et al., 1998;
Miura et al., 2001; Horpibulsuk et al., 2003, 2006, 2011; Lee
et al., 2005; Consoli et al., 2006; Namikawa and Koseki, 2006;
Kasama et al., 2007; Kongsukprasert et al., 2007; Chiu et al.,
2008; Ezaoui et al., 2010; Rabbi et al., 2011; Seng and Tanaka,
2011). Other studies have also examined the isotropic com-
pression and the drained and undrained shear behaviour of
cement-treated soils (e.g., Hirai et al., 1989; Matsuoka and
Sun, 1995; Uddin et al., 1997; Kasama et al., 2000, 2006;
Rotta et al., 2003; Bergado et al., 2006; Namikawa and Mihira,
2007; Taheri et al., 2012). More recently, the strength
and deformation characteristics of soils cemented with
other stablization materials have been investigated (e.g.,
Horpibulsuk et al., 2013; Yasuhara et al., 2012; Kamei et al.,
2013; Vichan and Rachan, 2013). The physico-chemical and
micro-structural aspects of cement-treated Singapore marineElsevier B.V. All rights reserved.
Table 1
Summary of specimen mix ratios and curing conditions in this study.
Mix ratio
(S–C–W)
Soil–cement ratio
(S:C)
Water–cement ratio
(W:C)
Water content Cw
(%)
Curing load p0cur
(kPa)
Curing time t
(days)
Tests in this study
10–1–11 10:1 11:1 100 0–350 7–28 UCTn, ICT†, CIU1;‡, CID2;§
20–3–23 20:3 23:3 100 0–250 7–210 UCT, ICT, CIU, CID, SP3;║
5–1–6 5:1 6:1 100 0–250 7–180 UCT, ICT, CIU, CID, SP
10–3–13 10:3 13:3 100 0 7–28 UCT, ICT, CIU, CID, SP
10–3–17.3 10:3 17.3:3 133 0–100 7–28 UCT, ICT
10–3–19.5 10:3 19.5:3 150 0–100 7–28 UCT, ICT
2–1–3 2:1 3:1 100 0 7–28 UCT, ICT, CIU, CID, SP
2–1–4 2:1 4:1 133 0–250 7–180 UCT, ICT, CIU, CID, SP
2–1–4.5 2:1 4.5:1 150 0–100 7–100 UCT, ICT
2–1–5 2:1 5:1 167 0–200 7–28 UCT, ICT, CIU, CID
2–1–5.5 2:1 5.5:1 183 0 7–28 UCT, ICT, CIU, CID
1.3–1–3.06 1.3:1 3.06:1 133 0–100 7–28 UCT, ICT
1.3–1–3.45 1.3:1 3.45:1 150 0–100 7–28 UCT, ICT
1.3–1–3.5 1.3:1 3.5:1 152 0–100 7–28 UCT, ICT, CIU, CID
1–1–2 1:1 2:1 100 0–100 7–28 UCT, ICT, CIU, CID
1–1–2.66 1:1 2.66:1 133 0–100 7–28 UCT, ICT
1–1–3 1:1 3:1 150 0–100 7–90 UCT, ICT
10–1–7.9 10:1 7.9:1 72 0–100 7–28 UCT, ICT
6–1–5 6:1 5:1 71 0–100 7–28 UCT, ICT
4–1–3.6 4:1 3.6:1 72 0–100 7–28 UCT, ICT
nUnconﬁned compressive strength test.
†Isotropic compression test.
‡Isotropic consolidated undrained compression test.
§Isotropic consolidated drained compression test.
║Constant stress ratio test.
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2009) have also been studied. However, their results are
qualitative and restricted to a few mix ratios, mostly with
cement contents of about 20% or lower.
Although a few constitutive models for cement-treated clay
have been proposed, their yield surfaces were assumed to be the
same as those for natural soils (e.g., Lee et al., 2004; Suebsuk
et al., 2010; Horpibulsuk et al., 2010). This may be attributable
to the dearth of data on yielding and post-yield behaviour of
cement-treated clay, particularly for admixtures with high
cement contents. Theoretically, yielding is readily deﬁned as
the onset of irrecoverable or plastic strain. However, this is often
difﬁcult to discern experimentally. Hence, yielding is usually
identiﬁed by a discontinuity in the stress–strain behavior
(Vaughan, 1988; Maccarini, 1987; Bressani, 1990; Jardine
et al., 1991; Jardine, 1992; Smith et al., 1992; Malandraki and
Toll, 1996; Leroueil and Vaughan, 1990; Bergado et al., 2006)
or an abrupt decrease in stiffness (e.g., Mitchell, 1970; Wong
and Mitchell, 1975; Callisto and Calabresi, 1998; Coop and
Atkinson, 1993; Rotta et al., 2003; Jongpradist et al., 2011)
under monotonic stress changes. This discontinuity or abrupt
decrease is more signiﬁcant for structured soil, and it is taken to
signify the onset of the loss of structure in the soil. This point is
known as primary yield. As the structure is due to cementation
for cement-treated soil, the primary yield indicates the beginning
of the loss of bonding in the soil.
There are different ways to identify and to determine
primary yielding. For example, the primary yield is taken tooccur at the point at which the compression curve starts to
deviate from the initial linear behaviour (Rotta et al., 2003;
Coop and Atkinson, 1993). Cotecchia and Chandler (2000)
deﬁned an alternative ‘gross yield point’ as the point of
tangency between the compression curve and a line drawn
parallel to the intrinsic compression line (Burland, 1990), at
which the ratio of the stress on the compressive curve to that
on the intrinsic compression line is maximum.
Loss of structure (or bonding in cement-treated soil) after
primary yielding (Leroueil and Vaughan, 1990) is progressive
with additional straining. This is termed herein as post-yield
behavior. For cement-treated soil, this post-yield behavior
involves a gradual loss of bonding with strain after primary
yielding. This paper presents the results of tests on the primary
yield and the post-yield behaviour of cement-treated Singapore
marine clay, based on triaxial tests conducted over a wide range
of mix ratios and different curing conditions. The results show
that, regardless of mix ratios and conditions, the primary yield
loci have a generic shape. The size of the yield locus is shown to
be well-correlated to the unconﬁned compressive strength,
which in turn can be correlated to the mix ratios and conditions.
2. Experiment investigation
2.1. Materials
Specimens were prepared from Singapore Upper marine
clay and Ordinary Portland Cement (OPC). The marine clay
Fig. 1. Stress paths and ﬁtted primary yield locus for cement-admixed marine clay specimen with mix proportion 10–3–13 (cement content 30%, water content
100%, cured under atmospheric pressure for 7 days), CIU and CID represent consolidated undrained and drained tests, respectively, and the numeric denotes the
effective conﬁning stress.
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Singapore's north eastern coast. Its main properties are as
follows: in-situ water content 70%, liquid limit 88%, plastic
limit, 38%, and sensitivity 1.5–6. Its properties and mineralogy
are similar to those of the clay studied by Chew et al. (2004).
Following Lee et al. (2005), the mix ratio is deﬁned as the
mass of soil (S): mass of cement (C): mass of water (W) in the
mix, hereafter expressed in the form S–C–W. The water
content is deﬁned as the ratio of the mass of water in the
resulting mix to the mass of dry soil and cement, while the
cement content, Aw, is deﬁned as the ratio of the mass of
cement solids to the mass of soil solids. The tested mix ratios
span roughly over the range used in deep mixing and jet-
grouting studies involving soft clay (Lee et al., 2005) (see
Table 1).
2.2. Specimen preparation, curing, and testing
The sample preparation procedure follows that used by Chin
et al. (2004). The natural marine clay was ﬁrst mixed with the
prescribed amount of water to achieve a moisture content of
100% and then remoulded. Cement slurry with the water–
cement ratio needed to achieve the desired mix ratio was then
added to the marine clay in a Hobart Mixer and mixed at a
rotational speed of 125 rpm for around 10 min.The mixture was then placed into a 50 mm (diameter) by
100 mm (height) cylindrical polyvinyl chloride (PVC) split-
mould. No compaction was applied during the placement.
Samples which were cured without loading were submerged in
distilled water within their split-moulds. For samples which
were cured under isotropic pressure, hereafter termed load-
curing, the inner wall of the split-mould was pre-lined with a
rubber membrane, within which the mixture was placed. The
assembly was then placed on the platen of a triaxial pedestal
and the split-mould was removed before applying isotropic
pressure. During load-curing, drainage was permitted via both
ends of the specimen. The elapsed time between the comple-
tion of mixing and the application of curing stress was kept to
less than 20 min, so as to minimize structure formation within
the treated clay.
All specimens were trimmed to 38 mm (diameter) by 76 mm
(height) for testing. The test procedures for the unconﬁned
compression (UCT), isotropic consolidation (ICT), and con-
solidated undrained/drained (CIU/CID) tests followed those
prescribed in ISO/TS 17892 (2004). The strain-rates also
followed those in ISO/TS 17892 (2004). For UCT, the
recommended ram velocity was 0.5 to 2 mm/min, correspond-
ing to an axial strain rate of 0.66–2.63%/min. In this study, a
strain rate of 1.32% (1 mm/min) was used for the UCT tests.
For the CIU tests, pore pressure equilibration guidelines led to
Fig. 2. Stress paths for tests on cement-treated marine clay. Preﬁx ‘a’ denotes
specimens with 7 days of curing under atmospheric pressure. Preﬁx ‘b’ denotes
specimens with curing period longer than 7 days or under isotropic pressure
p0cur during 7 days of curing. Preﬁx ‘c’ denotes specimens pre-compressed to a
pressure p00 higher than the isotropic primary yield stress p0py. Sufﬁxes UCT,
CIU, CID, ISO, and SP denote unconﬁned compression test, consolidated
undrained test, drained test, isotropic compression test, and constant stress ratio
test, respectively. Points labeled “YP” are yield point.
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rate of 0.0132%/min to 0.197%/min showed virtually no
difference in specimen behaviour, thereby indicating that the
strain rate effect for the cement-treated marine clay is insig-
niﬁcant. For the CID tests, a slower rate was used to ensure a
negligible change in pore pressure during shearing. From the
results of the preliminary tests, the strain rate used for CID was
from 0.0066%/min to 0.004%/min, the lower rate being used
for tests with effective conﬁning stress higher than 1000 kPa.
Once again, trial tests over this range showed a negligible
difference, indicating that the strain rate effect is unlikely to be
signiﬁcant.
3. Primary yielding and yield locus
3.1. Identiﬁcation of yield point
Fig. 1 shows the results of isotropic compression, constant
stress ratio, undrained, and drained triaxial tests for samples
with a mix ratio of 10–3–13. Yielding is often identiﬁed
experimentally by an abrupt decrease in stiffness (e.g.,
Mitchell, 1970; Wong and Mitchell, 1975; Callisto and
Calabresi, 1998; Coop and Atkinson, 1993; Rotta et al.,
2003). In this study, yielding is identiﬁed through volumetric
compression curves (Mitchell, 1970) and is taken to occur at
the point at which the compression curve starts to deviate from
the initial linear behaviour; this is Rotta’s et al. (2003) primary
yield point (YP). The determination of the YP is shown in
Fig. 1, which is done by best ﬁtting a straight line with the
initial part of the compression curve on the compression space
by trial and error. Once the best ﬁtting is done (the relative
error between the ﬁtting line and the experiment data is less
than 0.01%), the ﬁrst point to deviate from the straight line
(linear behavior) is identiﬁed as the primary yield point.
Numerically, the point with a relative error larger than
0.01% is considered as the ﬁrst point on the experiment curve
to deviate from the straight line.
The triaxial specimens in Fig. 1 were consolidated to mean
effective stress levels less than the isotropic primary yield
stress (IPYS), that is, the primary yield stress under isotropic
compression; these specimens will hereafter be termed pre-
yield specimens. As Fig. 1 shows, yielding in the drained
specimens is much more readily identiﬁed from the compres-
sion curves than from the stress–strain curves, which show a
more gradual change in stiffness. All the drained specimens
tested show post-yield hardening, accompanied by large
volumetric compression. Using the results from drained tests,
self-consistent primary yield loci can be obtained based on
Rotta’s et al. (2003) primary yield deﬁnition. The stress paths
of the undrained tests conducted at low conﬁning pressures
also appear to converge towards the intersection of the yield
locus and the tension cut-off line.
The behaviour of the undrained specimens depends upon the
conﬁning pressure. Under low conﬁning pressures, the
undrained triaxial stress paths start off trending roughly
vertical, until they reach the tension cut-off line. At higher
consolidation pressures, the undrained stress paths veerleftwards, indicating the generation of positive excess pore
pressure, until they reach the tension cut-off line. The peak
strength is often reached along the tension cut-off line. This is
similar to reported observations for cement-treated clays
(e.g., Tatsuoka and Kobayashi, 1983; Uddin et al., 1997;
Kamruzzaman et al., 2009; Åhnberg, 2007).
The tension cut-off line corresponds to a state in which the
effective radial stress is zero. Once this state is reached, the
pore pressure is equal to the conﬁning stress and the rubber
membrane detaches from the specimen. Consequently, water
drains into the intervening space and an undrained state cannot
be maintained. Moreover, the fact that the effective stress path
follows that of the drained tests after reaching the tension cut-
off suggests that the conditions of the test have changed from
undrained to drained. Yielding is not readily identiﬁed since
the compression curve is a horizontal straight line and the
stress–strain curve does not show any abrupt change in
gradient. In summary, all the stress paths employed in this
paper were summarized in Fig. 2, which includes primary
yielding and post-yielding.
3.2. Primary yield locus
Fig. 3a–d show the primary yield loci from drained tests and
the stress paths from undrained tests, for different mix ratios,
Fig. 3. Undrained stress paths and primary yield loci for cement-admixed marine clay specimens for different mix ratios, curing periods, and curing stresses. (a)
Water content 100%, after 7 days curing without loading. (b) Cement content 50%, after 7 days curing without loading. (c) Mix ratio 2–1–4 (cement content 50%
and water content 133%) after 7 days curing under different curing stresses. (d) Mix ratio 5–1–6 after different curing periods without loading.
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drained tests have qualitatively similar shapes. The undrained
stress paths trend along the tension cut-off line to approach,
but not exceed, their respective yield loci. Most of the
undrained samples reached peak strength just before their
stress paths reached their yield loci, indicating that the primary
yield locus intersects the tension cut-off line at or just above
the peak points of the undrained stress paths.
Fig. 4 shows the yield loci from a large number of drained
tests, with mean effective and deviator stresses p0 and q
normalized by their respective IPYS, p0py. All of the yield loci
can be ﬁtted by the relation
q
p0py
 !2
¼ N2 p
0
p0py
 !
 p
0
p0py
 !28<
:
9=
; ð1Þwith N¼3.65. Hence, if the IPYS is known, the yield locus
can be determined. In fact, for remoulded cement-treated
marine clay, Xiao and Lee (2010) reported a critical state
friction coefﬁcient M of about 1.5 to 1.7, which, although
much higher than that of untreated marine clay, is still much
less than 3.65.3.3. Relation of IPYS to post-curing void ratio
The primary yield locus can be completely determined if a
parameter which characterizes its size, such as the IPYS, can
be evaluated. Rotta et al. (2003) showed that the difference
between IPYS p0py and curing stress p0cur, termed hereafter as
the incremental IPYS p0pyΔ, can be related to the post-curing
void ratio ecur via a log-linear relationship. Post-curing void
Fig. 4. Primary yield loci normalized by isotropic primary yield stress for
cement-admixed marine clay specimens with different mix ratios, curing
stresses, and periods (ﬁtted using Eq. (1) with N¼3.65).
Fig. 5. Effect of post curing void ratio and ratio of water content to the cement
content on IPYS for 7-day cement-admixed marine clay specimens. (a)
Relationship between incremental isotropic primary yield stress and post-
curing void ratio. and (b) Relationship between A1 or B1 and ratio of water
content to cement content.
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soil particles and cementitious products) after curing.
The use of the post-curing void ratio, rather than the void
ratio at the point of mixing, enables avoidance of the issue of
whether the cement is solid or pore ﬂuid, because the
components of the cement which dissolve and react would
have already done so. The post-curing solid phase consists of
unreacted soil minerals and cementitious products. Since the
specimens were submerged in water during curing, it was
assumed that they were fully saturated and that the post-curing
void ratio is the product of the water content and the speciﬁc
gravity of the post-curing solid phase. The inferred post-curing
void ratio was also cross-checked using the bulk density of the
post-curing soil specimen. The void ratios inferred from the
water content and the bulk density were found to be very close.
The speciﬁc gravity is measured in a standard manner, using a
speciﬁc gravity bottle. Since the solid phase may consist of
multiple products, e.g., unreacted soil solid and cementitious
products, the measured speciﬁc gravity is a representative
value, rather than a true value of any of the products. This is
similar to natural clays which often consist of different soil
minerals.
As Fig. 5 shows, for samples which were subjected to 7
days of curing,
ecur ¼ A1 lnðp0pyΔ=paÞþB1 ð2Þ
where pa¼1 kPa is a reference incremental pressure, and
B1¼ecur0 is the void ratio corresponding to the reference
incremental pressure pa.
Rotta et al. (2003) used the same water content in all their
samples, hence their parameters A1 and B1 are functions of
cement content only. However, water content also affects the
post-curing void ratio. Miura et al. (2001) noted that for
cement-stabilized clay at high water contents, the ratio of thewater content to the cement content signiﬁcantly inﬂuences the
strength and deformation behaviour. In Fig. 5a, series 2–1–4
and 2–1–5 have a cement content of 50%, but different water
contents. As can be seen, their post-curing void ratios lie on
different lines. As Fig. 5b shows, coefﬁcients A1 and B1 in
Eq. (2) can be related to the ratio of the water content to the
cement content via the following relationships:
A1 ¼ 0:5660:461ðCw=AwÞ0:8919 ð3Þ
B1 ¼ 9:1372ðCw=AwÞ0:2198 ð4Þ
Substituting Eqs. (3) and (4) into Eq. (2) leads to
p0pyΔ ¼ p0pyp0cur ¼ exp
ecur9:1372ðCw=AwÞ0:2198
0:5660:461ðCw=AwÞ0:8919
 
ð5Þ
Eqs. (3) and (4) differ signiﬁcantly from Rotta’s et al. (2003)
corresponding relations. This can be attributed to the fact that
Rotta’s et al. (2003) study did not take into account the effect
of the water content and that it was conducted on a low
plasticity soil comprising mainly sand and silt, whereas the
tests herein are conducted on medium-high plasticity
marine clay.
For specimens which were not load-cured, the post-curing
void ratio may also be dependent upon the cement content and
the water content. As Fig. 6a and b show, for the 7-day
specimens cured without load, the IPYS increases approxi-
mately linearly with the cement content, but the rate of increase
cement content Aw
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intercept decreases linearly with the water content. This suggests
the relation
p0py
pap
¼ c1CdwAwþe1Cwþ f ð6Þ
where pap¼101.325 kPa (1 atm), c1¼9.865, d¼2.504, and
e1¼0.820, f¼1.189.
3.4. Relation between IPYS, undrained peak strength, and
unconﬁned compressive strength
Eqs. (5) and (6) apply only to the 7-day specimens. This
section examines the possibility of using other parameters
which are commonly measured in laboratory tests as size
parameters of the yield loci. From Eq. (1), the point of
intersection of the yield locus with the tension cut-off
(p01, q1) (Fig. 4) can be related to the IPYS via
ðp01; q1Þ ¼ ð0:597p0py; 1:79p0pyÞ ð7Þ
Fig. 7a shows the peak strength from consolidated
undrained tests, qpk, hereafter termed peak undrained strength,
and unconﬁned compressive strength, qu, plotted against q1
from Eq. (7), for specimens with the same mix ratios. For
specimens that were not load-cured, the peak undrained
strength is approximately equal to or falls just short of q1.
This is consistent with the earlier observation that the
undrained stress path trends along the tension cut-off, with
the peak stress often falling just short of the yield locus. The
unconﬁned compressive strength appears to lie even closer to
q1, although the difference is small. Hence, for specimens that
were not load-cured, the unconﬁned compressive strength and
peak undrained strength are good estimators of q1. In other
words,
p0py  0:559qu ¼ 0:559qpk ð8Þ
For specimens which were load-cured, the unconﬁned
compressive strength and the undrained peak strength fall
below the value of q1, in many cases, quite substantially. On
the other hand, as shown in Fig. 7b, if the unconﬁned
compressive strength is increased by 1.79 times the curing
stress, then the resulting quantity is a reasonably good
estimator of q1, that is,
q1 ¼ 1:79p0py  quþ1:79p0cur ð9aÞ
or
p0pyp0cur  0:559qu ð9bÞ
However, this adjustment does not work for the peak
undrained strength which remains rather scattered.
The close correlation between q1 and the unconﬁned
compressive strength for specimens without curing stress
motivates the possibility that unconﬁned compressive test
specimens might also have reached their peak strength at the
intersection point between the tension cut-off and the primary
yield locus. This is a plausible notion since unconﬁned
compression samples are exposed and any pore pressure will
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Fig. 8. Comparison between measured and predicted qu by Eq. (10) (with
q0¼13,000 kPa and 20,000 kPa for 7- and 28-day strengths, m¼0.28 and
n¼2.93) for cement-admixed marine clay specimens with different curing
periods and zero curing stress.
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Fig. 9. Parameter q0 versus curing time for cement-admixed marine clay
specimens after different curing periods with no curing stress. q0a denotes the
average q0 for a given curing time. r denotes the coefﬁcient of correlation
between the data and the ﬁtting. s denotes the standard deviation around the
average value for each curing time.
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the effective stress path to trend along the tension cut-off. For
triaxial specimens that are isotropically consolidated with
radial drainage to effective stress levels below the IPYS, the
measured t90 consolidation time was approximately 30 s, this
being consistent with the high pre-yield stiffness of the
specimens. The typical time to failure in an unconﬁned
compression test is about 1.5 min. During the test, water was
observed to be seeping out through the sides of the specimens.
All these suggest that signiﬁcant pore pressure dissipation
occurred during the unconﬁned compression tests. Hence, the
effective stress paths of unconﬁned compression samples can
be reasonably expected to trend along the tension cut-off.
When the cement content approaches zero, the unconﬁned
compressive strength will become very small, and Eq. (9b)
indicates that the IPYS will converge towards the curing stress.
Physically, this is reasonable since both are equal to the pre-
consolidation pressure. Hence, Eq. (9b) remains intuitively
sound when the cement content approaches zero.
3.5. Effect of mix proportion, curing stress, and curing period
on unconﬁned compressive strength
The use of unconﬁned compressive strength as an estimator
of the size of the yield locus opens up the possibility of
estimating the primary yield locus for a wide range of mix
ratios and curing conditions. Many correlations between
unconﬁned compressive strength and mix ratios have already
been proposed. For instance, Lee et al. (2005) proposed that,
for cement-treated soil specimens which were not subjected to
load curing,
qu ¼ q0
expðmð1=AwÞÞ
ðW=CÞn ð10Þ
in which q0 is a constant and m and n are indices, Aw¼C/S.
For the clay tested by Lee et al. (2005), q0¼4000 kPa and
6000 kPa for 7-day and 28-day strengths, respectively, while
m¼0.62 and n¼3.The unconﬁned compressive strengths obtained herein are
generally higher than those of Lee et al. (2005), probably
because of the different properties of the two clays, which,
albeit marine clay, were taken from different parts of Singa-
pore. The plasticity index of the clay used by Lee et al. (2005)
was 59%, whereas that used herein has the lower plasticity
index of 50%. As Fig. 8 shows, the current data are better
matched by q0¼13,000 kPa and 20,000 kPa for 7- and 28-day
strengths, respectively, with m¼0.28 and n¼2.93.
Eq. (10) can be extended to take into account the effect of
different curing times. Fig. 9 shows the values of q0 inferred
from measured qu using Eq. (10), against curing time. The
relatively large scatter arises because a small change in
measured qu causes a large change in the inferred q0. None-
theless, a general trend can be discerned. Furthermore, the
average q0 corresponding to each curing period is well ﬁtted by
a “generalized” hyperbolic curve of the form
q0 ¼ q1 1
1
1þ αtq1
 r
8<
:
9=
; ð11Þ
in which q1 is the long-term value for q0, α is the initial rate of
increase in q0 with time, and r is a ﬁtted index. Based on the
average values for q0, initial ﬁtting gives q1¼39,000 kPa,
α¼2000 kPa/day, and r¼0.9.
However, in some cases, the number of samples is very
small and the average q0 is susceptible to errors. To reduce
these errors, a second stage of correlation is applied. Combin-
ing Eqs. (10) and (11) gives
qu ¼ q1 1
1
1þ αtq1
 r
8<
:
9=
; expðmð1=AwÞÞW
C
 n
( )
ð12Þ
As shown in Fig. 10, a remarkably good ﬁt between Eq. (12)
and the measured unconﬁned compressive strength can be
obtained by using q1¼40,000 kPa, α¼1300 kPa/day,
r¼0.52, m¼0.3, and n¼2.92.
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Fig. 10. Comparison between measured and predicted qu using Eq. (12) for
cement-admixed marine clay specimens with different curing periods and zero
curing stress.
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Fig. 11. Measured qu increment versus curing stress for cement-admixed
marine clay specimens with 7 days curing and different curing stress.
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Fig. 12. qu increment per unit curing stress versus cement soil ratio for
cement-admixed marine clay specimens with 7 days curing and different curing
stress.
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Fig. 13. Measured qu and predicted qu using Eq. (14) for cement-admixed
marine clay specimens with 7 days curing and curing stress up to 250 kPa.
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study, specimens were only load-cured for 7 days. As Figs. 11
and 12 show, the unconﬁned compressive strength qu increases
with curing stress and the strength increment per unit curing
stress, i.e., Δqu=p0cur, increases with the cement content, that is
the cement:soil ratio, following the relation
Δqu ¼ fC1ðAwÞ2þC2ðAwÞgp0cur ð13Þ
in which Δqu is the difference between qu and p0cur; C1=22 and
C2=9 for the 7-day curing time. Combining Eqs. (12) and (13)
leads to
qu ¼ q1 1
1
1þ αtq1
 r
8<
:
9=
; expðmð1=AwÞÞW
C
 n
( )
þfC1ðAwÞ2þC2ðAwÞgp0cur ð14ÞAs Fig. 13 shows, Eq. (14), with the ﬁtted values of C1 and
C2, agrees with the measured 7-day unconﬁned compressive
strength reasonably well for curing stress up to 250 kPa.
Finally, combining Eqs. (9b) and (14) gives
p0py ¼ 22360 1
1
1þð0:0325tÞ0:52
 	
expð0:3ð1=AwÞÞ
W
C
 2:92
( )
þf12:30ðAwÞ2þ5:04ðAwÞþ1gp0cur ð15Þ
for specimens without curing stress up to 270 days as well as
7-day specimens with curing stress up to 350 kPa. As Fig. 14
shows, the IPYS predicted by Eq. (15) has a slightly larger
error range with respect to the measured results than the two
other two methods, but it also has the widest applicability.3.6. Post-yield behaviour and evolution of yield locus
Post-yield behaviour was investigated by isotropically con-
solidating the samples to an effective stress that is higher than
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Fig. 14. Comparison between experimental and predicted IPYS for cement-
admixed soil specimens.
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pre-compression pressure p00 or else allowed to swell to a lower
pressure p0c before shearing. All post-yield specimens were
cured for 7 days without loading. The states of these post-yield
samples are characterized by an isotropic over-consolidation
ratio (IOCR), which is the ratio of the isotropic pre-
compression pressure to the mean effective stress after swel-
ling, that is, p00/p0c. In Fig. 15, these “over-consolidated”
specimens are identiﬁed by two numbers which refer to their
isotropic pre-compression pressure and mean effective stress
during shearing.
As Fig. 15 illustrates, at lower IOCR, e.g., CID 1500-500,
the post-yield samples exhibit a similar trend to the pre-yield
samples in the drained tests, with large volumetric compres-
sion occurring after an initially stiff segment in the compres-
sion curve with signiﬁcant post-yield hardening. At high
IOCR, the drained samples, e.g., CID1500-50, show stiff a
response up to the peak strength, which is reached shortly after
yielding. Post-peak strain softening is accompanied by dila-
tion. Consistent yield loci can also be drawn through the
isotropic pre-compression pressure and the yield points
deduced from drained tests, using the change in gradient in
the compression curve.
The undrained samples sheared under high IOCR present
stress paths that trend along the tension cut-off line until the
peak strength is reached; this is similar to the pre-yield
specimens. At lower IOCR, the undrained specimens, e.g.,
CIU1500-750 and CIU2000-1000, show stress paths that are
roughly vertical at the initial stages, but subsequently turn to
trend along the yield loci just before peak strength is reached.
Normally consolidated specimens, viz. those with an IOCR of
1, trend roughly along the yield loci from the start of shearing.
This suggests that, for the undrained specimens with a low
IOCR, the yield points can be identiﬁed by the points at
which the stress paths turn to trend along the yield loci.This deﬁnition of yield stress would be similar to that adopted
by Airey (1993) for the undrained tests.
As Fig. 15 shows, the yield loci increase in size with
isotropic pre-compression pressure. However, all normalized
yield loci (YL) change progressively from steep arches to more
rounded ellipses, as seen in Fig. 16. Moreover, by decreasing
the value of N in Eq. (1) progressively, a succession of upright
elliptical yield loci can be generated; this gives a reasonable ﬁt
to the measured yield points. As N decreases, the “arch” shape
of the YL changes to a more rounded ellipse. An elliptical
yield locus with a larger value for N will be able to sustain
larger levels of deviator stress (for the same mean effective
stress) before yielding, compared to one with a smaller value
for N. Hence, a decreasing value for N during loading implies
that the soil skeleton is able to sustain progressively smaller
levels of deviator stress before yielding, given the same
effective stress. This can be attributed to a loss in bonding,
and the decrease in N is taken herein to be a measure of this
loss in bonding.
The occurrence of irrecoverable strain in soil is generally
associated with the onset of large-scale particle slippage and
re-arrangement (e.g., Jardine, 1992), which is also postulated
herein to be the main cause of the loss in bonding. Since N is a
measure of the bonding, it can be surmised that N can be
related to the plastic strain. In this study, the decrease in N was
only investigated for isotropically pre-compressed specimens;
none of the specimens were subjected to pre-shearing. For this
reason, the effect of plastic shear strain cannot be elucidated,
although it is quite likely to be present. Hence, it is postulated
herein that the measured values of N can be related to plastic
volumetric strain εvp. As Fig. 17 shows, N can be reasonably
related to the plastic volumetric strain via
N ¼ 1:23ε0:254vp ð16Þ
When the isotropic pre-compression pressure reaches 2500 kPa,
the stress ratio corresponding to the crown of the yield locus falls
to between 1.5 and 1.9. This is similar to the range in values for
remoulded cement-treated marine clay (Xiao and Lee, 2010), but
is still signiﬁcantly higher than the critical state friction coefﬁcient
of approximately 0.9 for the reconstituted marine clay. Hence,
while some loss of structure might have occurred, the cemented-
treated soil did not reach the same state as the untreated marine
clay. This suggests that cement-treatment does not merely super-
impose bonding on the marine clay particles; the cement actually
reacts with the clay mineral and changes its mineralogy. Thus,
untreated marine clay does not represent the intrinsic unstructured
state for the cement-treated clay.
4. Conclusions
The ﬁndings suggest that, in spite of the wide range in mix
ratios and curing conditions, relatively simple bases for the
behaviour of cement-treated clays may still be established. One
of these is the notion that the primary yield locus of cement-
treated medium-high plasticity clay has a consistent shape
regardless of the mix ratio, the curing stress or the curing
period. This allows the primary yield locus to be speciﬁed
Fig. 15. Typical post-yield stress–strain behavior of cement-admixed marine clay specimen (mix proportion 5–1–6, 20% cement content, 100% water content),
cured under atmospheric pressure for 7 days, CIU, CID, and SP represents consolidated undrained, drained, and constant stress ratio tests, respectively, and numeric
denotes pre-compression pressure and mean effective stress during shearing.
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indicates that one method of evaluating the size parameter is
through the unconﬁned compressive strength, a commonly and
readily measured strength parameter.
In the laboratory, the curing stress is relatively easy to
control since the specimen size is small and the drainage
path is short. In view of this, it is quite likely that the soil
skeleton will be subjected to the full curing stress prior to the
development of much of the cementation. In the ﬁeld,
however, excess pore pressure may take much longer to
dissipate. In such situations, the development of cementation
may further inhibit the compression of the soil skeleton before
a signiﬁcant volume change can occur. This uncertainty has
also been alluded to by Tatsuoka and Kobayashi (1983). For
this reason, the curing stress in ﬁeld scenarios may be
signiﬁcantly lower than the geostatic stress. In such cases, it
may be conservative to assume that the curing stress is zero.
With this assumption, the framework presented above would
indicate that the size of the yield locus is directly related to the
unconﬁned compressive strength.The “collapse” of the normalized yield locus, which
presumably reﬂects the loss of structure under isotropic
compression, may also have signiﬁcant implications in con-
stitutive modeling. This feature is still not widely replicated in
constitutive models for cement-treated clays. The relatively
high N-value of the post-yield specimens, even under com-
pression pressure that far exceeds the primary yield stress, as
well as the high critical state friction coefﬁcient of the
remoulded cement-treated marine clay, suggests that untreated
marine clay may not be a representative unstructured reference
state for the cement-treated clay.
One implication of the evolution of the yield locus is the
signiﬁcance of the tension cut-off. In post-yield specimens, the
rounded proﬁle of the yield locus allows undrained stress paths
of specimens with low IOCR to reach it before the tension cut-
off. The resulting stress–strain curve is more ductile, and post-
yield strain hardening is evident. In contrast, for pre-yield
specimens, the yield locus is much steeper and undrained stress
paths usually reach the tension cut-off before the yield locus.
For such specimens, the unconﬁned compressive strength is a
Fig. 16. Evolution of yield locus on normalized stress space for cement-admixed marine clay specimens for different mix proportions, ﬁtted by decreasing the value
for N in Eq. (1). (a) Mix ratio 10–1–11. (b) Mix ratio 5–1–6. (c) Mix ratio 10–3–13. (d) Mix ratio 2–1–3.
Fig. 17. Relationship between stress ratio at the top of the yield locus (N value
in Eq. (1)) and plastic volumetric strain for cement-admixed marine clay
specimens for different mix ratios.
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cement-treated soil masses are more likely to be in pre-yield
rather than post-yield states. Hence, the unconﬁned compressivestrength may be a good indicator of the peak undrained strength
of the cement-treated soil in the ﬁeld.
It is likely that the speciﬁc correlation values presented will
only be applicable to tropical marine clay with similar
mineralogy and plasticity. However, the observed qualitative
trends are consistent with those reported previously (e.g.,
Uddin et al., 1997; Kamruzzaman et al., 2009). This suggests
that the overall framework probably encompasses wider
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